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We report the response of the ionosphere to the large earthquake that occurred in West Sumatra, Indonesia, at
0058 UT on December 26, 2004. We have analyzed Global Positioning System (GPS) data obtained at two sites
in Sumatra and at three sites in Thailand to investigate total electron content (TEC) variations. Between 14 and
40 min after the earthquake, TEC enhancements of 1.6–6.9 TEC units (TECU) were observed at subionospheric
points located 360–2000 km north of the epicenter. From the time delays of the observed TEC enhancements,
we ﬁnd that the TEC enhancements propagated northward from the epicenter. The time delays between the
earthquake and rapid increases in TEC, which occurred near the epicenter, are consistent with the idea that
acoustic waves generated by the earthquake propagated into the ionosphere at the speed of sound to cause the
TEC variations. A small TEC enhancement of 0.6 TECU was observed south of the epicenter, while no TEC
enhancements were seen east of the epicenter. From a model calculation, we ﬁnd that this directivity of the
TEC variations with respect to the azimuth from the epicenter could be caused partially by the directivity in the
response of the electron density variation to the acoustic waves in the neutral atmosphere.
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1. Introduction
Atmospheric and ionospheric disturbances following im-
pulsive forcing on the ground, such as earthquakes, vol-
canic eruptions, and powerful explosions, have been ob-
served with various techniques (e.g., Ogawa et al., 1982;
Blanc, 1985; Kanamori et al., 1994; Igarashi et al., 1994).
These impulsive sources generate vertical displacement of
the atmosphere at the earth’s surface, exciting atmospheric
infrasonic acoustic waves. Since atmospheric density de-
creases nearly exponentially with altitude, energy conser-
vation requires the amplitude of the waves to increase as
they propagate upward. The amplitude at ground level can
be ampliﬁed by ∼105–106 at the ionospheric altitude, where
the atmospheric waves cause a perturbation in the electron
density through ion-neutral collisions. Ionospheric distur-
bances have been detected by HF-Doppler sounding, which
is very sensitive to rapid changes in electron density in the
bottomside ionosphere (e.g., Tanaka et al., 1984). The ver-
tical oscillations of the bottomside ionosphere measured by
HF-Doppler sounders have been reproduced in model cal-
culations which simulate acoustic gravity waves propagat-
ing from the ground to the ionosphere (Artru et al., 2004).
∗Present address: 3-13 Honohara, Toyokawa, Aichi 442-8507, Japan
Copyright c© The Society of Geomagnetism and Earth, Planetary and Space Sci-
ences (SGEPSS); The Seismological Society of Japan; The Volcanological Society
of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sci-
ences; TERRAPUB.
In recent years, Global Positioning System (GPS) data
have been used to measure total electron content (TEC)
variations related to earthquakes (Calais and Minster, 1995;
Afraimovich et al., 2001). Using TEC data obtained from
a dense GPS network in Southern California, Calais and
Minster (1995) have shown an ionospheric response to the
1994 Northridge, California earthquake. Heki and Ping
(2005) have used a dense GPS network in Japan to produce
two-dimensional maps of TEC variations after thrust earth-
quakes off the Paciﬁc coast of Japan.
In the earth’s atmosphere, there are various kinds of at-
mospheric waves with different spatial and temporal scales.
Many of the waves are thought to be generated in the lower
atmosphere and propagate upward to the middle and up-
per atmosphere. Furthermore, some of the waves are con-
sidered to reach the ionosphere, where they cause pertur-
bations in the ionospheric electron density (e.g., Hines,
1960). However, it is not clearly understood how the waves
propagate up to the ionosphere. Studying atmospheric
and ionospheric responses to known wave sources, such as
earthquakes and volcanic eruptions, would lead to a better
knowledge of wave propagation mechanisms. For this rea-
son, we investigated ionospheric perturbations which could
be produced by a large earthquake that occurred near Suma-
tra Island in Indonesia on December 26, 2004.
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Fig. 1. Map showing GPS observation sites at Padang (blue star), Sampali
(red star), Chumphon (magenta star), Bangkok (green star), and Chiang
Mai (orange star). Solid lines show trajectories of subionospheric points
at an altitude of 300 km for ray paths between GPS satellites (PRN13,
23, 20, 21, 03, 19, 01, 25 and 16) and receivers at the ﬁve sites between
0100 and 0200 UT on December 26, 2004. Plus (+) indicates the
location of the subionospheric points at 0100 UT. The diameter of
the solid circles on the trajectories indicates the amplitude of TEC
enhancement, which is converted to TEC in the vertical direction. The
black circle shows the epicenter of the Sumatra-Andaman earthquake.
Horizontal distance from the epicenter is shown by dotted concentric
circles.
2. Observations and Results
On December 26, 2004, a large earthquake with a mo-
ment magnitude (Mw) of 9.0 occurred near Sumatra Island
in Indonesia (Park et al., 2005). The Indonesian subduc-
tion zone near the northern end of Sumatra began to rupture
at 0058 UT. The rupture continued for approximately 7
min, extending northwestward along the Sunda Trench for
roughly 1200 km to the Andaman Islands. In this study,
we assume that the epicenter is located at (3.3◦N, 95.9◦E)
and that acoustic waves were generated at the epicenter (the
location of the epicenter is shown in Fig. 1).
The stars in Fig. 1 denote the locations of ﬁve dual-
frequency GPS receivers whose data are used in the present
study. The receiver at Padang (0.9◦S, 100.5◦E) has been
operated by the Solar-Terrestrial Environment Laboratory,
Nagoya University, since October 2002. Data from the
receiver at Sampali (3.6◦N, 98.7◦E) are taken from the




Fig. 2. Temporal variation of the slant TEC observed at (a) Sampali,
(b) Bangkok, and (c) Chiang Mai on December 26, 2004. Red arrow
indicates time of the earthquake (0058 UT). It should be noted that
TEC values include biases inherent in satellite and receiver hardwares.
other three receivers were installed at Chumphon (10.7◦N,
99.4◦E), Bangkok (13.7◦N, 100.8◦E), and Chiang Mai
(18.8◦N, 98.9◦E) in Thailand by the National Institute of In-
formation and Communications Technology (NICT), King
Mongkut’s Institute of Technology Ladkrabang, and Chi-
ang Mai University. These ﬁve receivers provide carrier
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Fig. 3. Temporal variation of the slant TEC along ray paths between GPS satellites (PRN13, 23, 20, 21, 03, 19, 01, 25) and receivers at Padang, Sampali,
Chumphon, Bangkok, and Chiang Mai at 0100–0215 UT on December 26, 2004.
phase delays and group delays (P-code pseudoranges) of
dual frequency (1.57542 and 1.22760 GHz) GPS signals ev-
ery 1 or 30 seconds. Total electron content (TEC) along a
ray path from a GPS satellite to a receiver is precisely ob-
tained from the carrier phase delays, although a level of the
TEC is unknown because of an unknown initialization con-
stant in phase measurements. The ambiguity in phase mea-
surements is removed by using the measured pseudoranges.
TEC values obtained using that procedure still contain bi-
ases inherent in satellite and receiver hardware. To get ab-
solute TEC, these biases must be removed. The absolute
value, however, is not used in this study, because we focus
on the short-scale perturbations of TEC.
Figure 2 shows temporal variations of the slant TEC ob-
served at Sampali, Bangkok, and Chiang Mai on December
26, 2004. Each curve corresponds to a time sequence of
TEC along a ray path between a satellite and a receiver. It
should be noted that the TEC values contain biases inher-
ent in satellite and receiver hardwares. Red arrow in each
panel indicates time of the earthquake (0058 UT). After the
earthquake, TEC perturbations with duration of several ten
minute were observed at several ray paths between satellites
and receivers. Figure 3 shows temporal variations of the
slant TEC observed by the ﬁve GPS receivers at Padang,
Sampali, Chumphon, Bangkok, and Chiang Mai between
0100 and 0215 UT on December 26, 2004. During this
period, TEC data were simultaneously obtained from nine
satellites (PRN01, 03, 11, 13, 16, 19, 20, 23, 25) at the ﬁve
GPS sites. A clear increase in TEC was observed along the
ray paths from the PRN13 satellite to the ﬁve sites. The in-
crease was ﬁrst observed at Padang, and then successively
at Sampali, Chumphon, Bangkok, and Chiang Mai. The tra-
jectories of the subionospheric points at an altitude of 300
km are shown in Fig. 1. The TEC perturbations occurred
at the subionospheric points at horizontal distances of 380,
670, 1270, 1570, and 12030 km away from the epicenter.
The diameter of the solid circles in Fig. 1 indicates the
amplitude of the TEC enhancement, which is converted to
TEC in the vertical direction from the slant TEC using a
slant factor. The slant factor S is deﬁned by S = τ1/τ0,
where τ1 is the length of the ray path between 200 and 450
km altitudes, and τ0 is the ionospheric thickness of 250 km
for the zenith path (Saito et al., 1998). As described above,
large TEC enhancements were observed to the north of the
epicenter. To the south of the epicenter, on the contrary,
TEC was slightly enhanced by 0.6 TECU at the ray path
from the PRN20 satellite to the receiver at Sampali, while
no enhancement was seen further south and east of the
epicenter. The observational results show the directivity
of the TEC variations with respect to the azimuth from the
epicenter.
TEC enhancements less than ∼20 min after the earth-
quake are characterized by a rapid increase with a time scale
of 1–2 min and a relatively slow decrease. These TEC en-
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Fig. 4. Time delay from the earthquake to (black cross) start of the TEC
increase and (red circle) peak of the TEC variations as a function of
the horizontal distance of the subionospheric points from the epicenter.
Black and red lines represent linear regression of the data shown by
black crosses and red circles, respectively. Data less than 500 km from
the epicenter are excluded for this linear regression.
hancements are located within a horizontal distance of 800
km from the epicenter (Fig. 1). On the other hand, TEC
variations more than ∼20 min after the earthquake are con-
tinuously sinusoidal and are located more than ∼800 km
north of the epicenter. The time scale of these TEC varia-
tions tends to be longer, from 10 to 30 min, as the waves
propagate northward from the epicenter.
Figure 4 shows time delays between the earthquake oc-
currence (0058 UT) and the start of the TEC increase (black
crosses) as a function of the horizontal distance of the
subionospheric points from the epicenter. Time delays be-
tween the earthquake occurrence and the peak of the TEC
variations are shown by red circles in the ﬁgure. The black
and red lines represent linear regression of the data shown
by the black crosses and red circles, respectively. The data
less than 500 km from the epicenter are excluded from this
linear regression. The start and peak of the TEC enhance-
ments are found to propagate at velocities of 2000 and 770
m/s, respectively.
3. Discussion
Rapid TEC increases were observed near the epicenter.
Since the time scale of these TEC increases was 1–2 min,
we speculate that they are caused by acoustic waves, as
in the previous observations reported by Calais and Min-
ster (1995), Afraimovich et al. (2001), and Heki and Ping
(2005). We assume that the acoustic waves in the atmo-
sphere were launched from the epicenter on the sea sur-
face due to the coupling between the sea surface and the
atmosphere, and that they propagated upward to the iono-
sphere. Ray paths of the acoustic waves were calculated
using the altitude proﬁle of sound velocity (Fig. 5). The
sound velocity is proportional to the square root of the neu-
tral temperature. In this calculation, the neutral temperature
is taken from the NRLMSISE-00 model, which is an empir-
ical model of the neutral atmosphere based on observational
Fig. 5. Ray tracing of acoustic waves originating from a point source on
the surface of the Earth. The waves launched with elevation angles of
30◦–90◦ are shown at 1◦ intervals. Locations of the waves 5–40 min
after the earthquake are shown in the ﬁgure.
results (Picone et al., 2002). Since the neutral temperature
rapidly increases with altitude above the mesopause (∼90
km altitude), the sound velocity also rapidly increases with
altitude. Because of this dependence of the sound velocity
on altitude, only the waves launched with elevation angles
of 60◦–90◦ at the ground can propagate up to the altitude of
the ionosphere. At horizontal distance of 360 km from the
epicenter, the acoustic waves reach ionospheric altitudes of
∼300 km 15 min after the wave launching. This time de-
lay is consistent with the observational results shown in the
present study.
However, the calculated results shown in Fig. 5 repre-
sent that it takes more than 30 min for the acoustic waves
to reach the location of 1200 km from the epicenter, while
TEC enhancements were observed to start 20 min after the
earthquake. This discrepancy between observed and cal-
culated results could be caused by the assumption that the
acoustic waves were generated from a point source at the
epicenter. Lay et al. (2005) reported that the seismic rup-
ture front propagated to about 1200 km north of the epicen-
ter with a velocity of about 2.0∼3.0 km/s. This result indi-
cates that acoustic waves would be excited sequentially at
multiple points, and that the wave source would propagate
northward at the almost same velocity as the rupture. Since
the velocity of the rapture is larger than the sound veloc-
ity, the acoustic waves excited during the rupture propaga-
tion reaches ionospheric altitudes at the north of the epicen-
ter earlier than the acoustic waves excited at the epicenter.
Therefore, the initial ionospheric response would propagate
northward at the same velocity as the rupture. Actually, our
observational results showed the initial TEC response prop-
agated at 2 km/s.
The time scale of the TEC variations tended to be longer,
from 10 to 30 min, as the wave propagated northward from
the epicenter. This tendency is consistent with that re-
ported by Heki and Ping (2005). In the present event, more
than ∼800 km north of the epicenter, sinusoidal variations
of TEC with periods of 20–30 min were observed more
than 20 min after the earthquake occurred. Acoustic waves
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with periods longer than the acoustic cutoff period (approx-
imately 11 min in the ionospheric F region) are damped.
Therefore, the observed sinusoidal TEC variations with ap-
parent periods longer than the acoustic cutoff period would
be caused by overlapping acoustic waves generated at dif-
ferent locations during the rupture propagation. Another
possibility is that gravity waves generated by the acous-
tic waves propagated northward, causing the observed TEC
variations.
Here, we focus our discussion on TEC variations near
(less than ∼800 km from) the epicenter, which are expected
to be caused by acoustic waves excited near the epicen-
ter. Due to the acoustic waves, the neutral particles oscil-
late parallel to the wave propagation direction. In the F
region, the neutral particles move ions along the geomag-
netic ﬁeld lines through the neutral-ion collisions. The ion
motion across the magnetic ﬁeld line is restricted because
the ion gyro-frequency is much higher than ion-neutral col-
lision frequency. This directivity of the ion mobility causes
directivity in the response of the electron density variations
to the neutral motion. Hooke (1968) has shown that the ve-
locity of the ion motion along the geomagnetic ﬁeld line is
the same as that of neutral motion caused by gravity waves.
This idea is also applicable to the case of acoustic waves,
where the neutral wind velocity (u) is parallel to the wave
vector (k), whereas u is perpendicular to k in the case of
gravity waves. In the F region, the electron density pertur-
bation N ′e, which is caused by the oscillating neutral wind
velocity u, is given by






sin I − ikbNe
]
(1)
where i = √−1, ω is the angular frequency of the acoustic
wave, ub and kb are the projection of u and k in the di-
rection of the geomagnetic ﬁeld, respectively, I is the dip
angle of the geomagnetic inclination, and Ne is the am-
bient electron density. The perturbation quantities are as-
sumed to be described by plane waves of the form N ′e, u ∝
exp {i(ωt − k · x)}. The ﬁrst and second terms of Eq. (1)
indicate the electron density perturbations caused by verti-
cal motions of the F layer plasma and by convergence and
divergence of ions along the ﬁeld line, respectively. In gen-
eral, ω is a real number and k is a vector of complex num-
bers. When k has an imaginary part, amplitude of the elec-
tron density perturbation grows or decays with time. In this
study, we assume that the amplitude of the perturbations
does not change with time (k has only real numbers).
Figure 6 shows the result of a model calculation simulat-
ing electron density perturbation in the altitude from 200 to
600 km at the subionospheric point for the ray path between
the PRN13 satellite and Padang (6.5◦N, 96.3◦E), 360 km
north (azimuth of 8◦ from the north) of the epicenter. The
inclination I at this location is −4.0◦ (IGRF-2000 model;
Olsen et al., 2000). The background electron density proﬁle
is taken from the IRI model. In this calculation, foF2 is set
at 9.0 MHz, which corresponds to a peak electron density
of 1012 m−3. This foF2 was observed by an ionosonde at
Kototabang (0.20◦S, 100.32◦E), West Sumatra, which was
operated by NICT. From the ray tracing calculations for
acoustic waves (Fig. 5), the acoustic wave is found to prop-
Fig. 6. Model calculation of the electron density perturbations caused by
an acoustic wave at (6.5◦N, 96.3◦E), where the geomagnetic inclination
I is −4.0◦. The basic parameters of the acoustic wave are T = 4.5 min,
C = 780 m/s, α = 19◦, and U = 210 m/s, where T is the wave period,
C is the speed of sound, α is the elevation angle of the propagation di-
rection, and U is the amplitude of the neutral wind velocity. The color
scale, black solid line, and black dashed line in the top panel indicate
the electron density, peak altitude of the electron density, and original
peak altitude without the perturbations, respectively. The bottom panel
indicates TEC obtained from integration from 200 km to 600 km alti-
tudes.
agate at 780 m/s with an elevation angle of 19◦ at a 300 km
altitude over the above location. In the model calculation,
these values are assumed to be constant with altitude. A
wave period and amplitude of the neutral wind velocity (U )
are 4.5 min and 210 m/s, respectively, for all altitudes. This
amplitude gives an electron density perturbation of ∼25%
from the background electron density, as shown in the top
panel. The electron density is integrated from 200 km to
600 km altitude to obtain the vertical TEC (bottom panel).
The amplitude of the TEC variation is 4.0 TECU, which is
comparable to the TEC observed along the ray path between
the PRN13 satellite and Padang. This result indicates that
the acoustic waves generated by the earthquake propagated
into the ionosphere and that they had neutral wind variation
with an amplitude of ∼210 m/s in the F region (around 300
km altitude). Amplitude of neutral wind velocity variations
due to the acoustic waves at the earth’s surface could be of
the order of centimeter per second, but it could be ampliﬁed
to ∼210 m/s in the F region because it increases with alti-
tude to maintain kinetic energy of the acoustic waves. The
amplitude of the acoustic wave in this model calculation is
larger than that of gravity waves which would be respon-
sible for medium-scale traveling ionospheric disturbances
(Fukao et al., 1993; Kirchengast, 1996). These previous
studies suggested that the gravity waves have neutral wind
velocity with an amplitude of ∼10 m/s.
To investigate the mechanism that caused the azimuthal
directivity of TEC variations shown in Fig. 1, similar calcu-
lations were conducted with different parameters depending
on the location (propagation direction of the acoustic waves
and inclination of the geomagnetic ﬁeld). The other pa-
rameters are the same as in the above calculation. A wave
period of 4.5 min and U = 210 m/s are adopted. Figure 7
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Fig. 7. Response of TEC to an acoustic wave in the area of 4.2◦S–10.8◦N
latitude and 88.4◦–103.4◦E longitude. The inclination of the geomag-
netic ﬁeld is taken from the IGRF-2000 model. We assume that the
acoustic wave with T = 4.5 min and U = 210 m/s propagates isotropi-
cally from the epicenter without attenuation.
shows a map of the TEC variation amplitude in geograph-
ical coordinates in the area of 4.2◦S–10.8◦N latitude and
88.4◦–103.4◦E longitude. In this area, the inclination of
the geomagnetic ﬁeld varies from −28.6◦ (4.2◦S) to 6.5◦
(10.8◦N). The geomagnetic equator (I = 0◦) is about 8◦N
in this longitudinal sector. Acoustic waves are assumed to
propagate isotropically from the epicenter without attenua-
tion.
The following two features seen in Fig. 7 are consis-
tent with the observational results. (1) The amplitude of
the TEC variations for the acoustic waves propagating in
the meridional direction is larger than that for the acoustic
waves propagating in the zonal direction. (2) The amplitude
of the TEC variations is larger north of the epicenter than
south of it. These features are explained by the response
of the electron density to neutral motion caused by acoustic
waves. Large N ′e can be produced under the condition that
ub and/or kb are large, as shown in Eq. (1). This condition is
satisﬁed when the acoustic wave propagates parallel to the
geomagnetic ﬁeld, because ub is parallel to kb. Therefore,
the amplitude of the TEC variation is mainly controlled by
the angle between the directions of wave propagation and
the geomagnetic ﬁeld. A large TEC variation would oc-
cur when the acoustic wave propagates in the meridional
direction along the geomagnetic ﬁeld. As for north-south
asymmetry of the TEC variations, ub and kb of the north-
ward (geomagnetically equatorward) propagating waves are
larger than those of the southward (geomagnetically pole-
ward) propagating waves, as shown schematically in Fig. 8.
North of the epicenter, the geomagnetic ﬁeld line is nearly
horizontal (the inclination is zero around 8◦N). Since k
also becomes horizontal as the wave propagates, k and u
are nearly parallel, and then kb and ub are large. Near the
epicenter, the wave propagates with a relatively large eleva-
tion angle. This causes small kb and ub and then small TEC
variations.
Calais and Minster (1995) have shown directivity of the






Fig. 8. Schematic diagram of southward (geomagnetically poleward) and
northward (geomagnetically equatorward) propagating acoustic waves.
The geomagnetic ﬁeld line is indicated by the dashed arrows. When the
wave propagates northward, both u · B and k · B are large, so that the
wave produces a signiﬁcantly large response in electron density.
center after the January 17, 1994, Northridge earthquake.
A smaller amplitude of the TEC variations was observed
southwest of the epicenter and a larger amplitude northeast
of that. Calais and Minster (1995) described that this az-
imuthal directivity may be caused by the land/ocean distri-
bution in the Los Angeles area. Using a dense GPS network
in Japan, Heki and Ping (2005) showed two-dimensional
maps of TEC variations after thrust earthquakes off the Pa-
ciﬁc coast of Japan. They reported that the amplitude of the
TEC variations has strong directivity. Southward (equator-
ward) propagating waves of the TEC variations had a larger
amplitude than northward (poleward) propagating waves.
They suggested that this north-south asymmetry in the am-
plitude of the TEC variations could be caused by the direc-
tivity in the response of the electron density variation to the
acoustic waves in the neutral atmosphere. While these re-
sults were obtained at midlatitudes, the present study shows
the TEC variations associated with the large earthquake in
the equatorial region, where the geomagnetic ﬁeld lines are
nearly horizontal. The present results support the idea that
the directivity of the TEC variations with respect to the az-
imuth from the epicenter could be caused by the directiv-
ity in the response of the electron density variation to the
acoustic waves in the neutral atmosphere.
As shown in Fig. 7, near (less than ∼800 km from) the
epicenter, directivity of TEC perturbation amplitude with
respect to the azimuth was reproduced in the above model
calculation. However, TEC perturbations more than ∼800
km far from the epicenter are not reproduced. This is prob-
ably because the assumption of a point source of the acous-
tic wave is not valid. As described above, acoustic waves
would be generated at multiple points which moved north-
ward from the epicenter. The wave sources could be ex-
tended ∼1200 km north of the epicenter. This wave source
distribution could be responsible for the northward exten-
sion of the region where the TEC enhancements were ob-
served. Consequently, superimposition of acoustic waves
generated sequentially at different locations need to be con-
sidered to reproduce the observed TEC variations.
The electron density perturbation has a structure with a
wavefront same as the acoustic waves propagating in the F
region, as shown in Fig. 6. Amplitude of the observed TEC
perturbation could depend on conﬁguration of the electron
density structure and satellite-receiver ray path. In the case
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that the ray path is parallel to the wavefront, apparent ampli-
tude of TEC perturbations is large. On the other hand, in the
case that the ray path crosses the wavefront, apparent am-
plitude of TEC perturbation is small because TEC value is
an average over different phases of the wave structure. This
effect on the apparent amplitude of TEC perturbation is not
considered in this study, and a slant factor is used to convert
slant TEC to vertical TEC. For further detail studies, con-
ﬁguration of the satellite-receiver ray path and wavefronts
of the TEC perturbations needs to be considered.
4. Summary
The Sumatra-Andaman earthquake occurred at 00:58 UT
on December 26, 2004. To investigate the effects of the
earthquake on the ionosphere, we have analyzed Global Po-
sitioning System (GPS) data obtained at Padang and Sam-
pali in Indonesia and at Chumphon, Bangkok, and Chiang
Mai in Thailand. The observational results showed directiv-
ity of the TEC variations with respect to the azimuth from
the epicenter. Large TEC enhancements (1.6–6.9 TECU)
were observed north of the epicenter. South of the epicen-
ter, on the contrary, TEC was only slightly enhanced, by
0.6 TECU, and TEC enhancement was not seen east of the
epicenter. TEC enhancements less than ∼20 min after the
earthquake (less than ∼800 km from the epicenter) were
accompanied by rapid increases, while TEC variations af-
ter that had a sinusoidal time dependence. Near (less than
∼800 km from) the epicenter, the time delay from the earth-
quake to the rapid increases in TEC is consistent with the
idea that acoustic waves generated by the earthquake prop-
agated into the ionosphere at the speed of sound, causing
the TEC variations. A model calculation showed that the
observed directivity of the TEC variations near the epicen-
ter with respect to the azimuth from the epicenter could be
caused by directivity in the response of the electron density
variation to the neutral motion of acoustic waves in oblique
geomagnetic ﬁeld lines. Furthermore, the model calculation
demonstrated that the amplitude of the neutral wind veloc-
ity caused by the acoustic wave is 210 m/s in the F region.
The start and peak of the TEC enhancements propagated
at velocities of 2000 and 770 m/s, respectively. The time
scale of the TEC variations tended to be longer, from 10
to 30 min, as the wave propagated northward from the epi-
center. Since the time scale exceeds the acoustic cutoff pe-
riod in the thermosphere, the TEC variations observed more
than ∼800 km north of the epicenter cannot be explained in
terms of acoustic waves generated from a point source at
the epicenter. It would be necessary to consider acoustic
waves generated at the multiple point sources which move
sequentially from south to north.
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